Recently, a single atom transistor was deterministically fabricated using phosphorus in Si by H-desorption lithography with a scanning tunneling microscope (STM). This milestone in precision, achieved by operating the STM in the conventional tunneling mode, typically utilizes very slow (∼ 10 2 nm 2 /s) patterning speeds. By contrast, using the STM in a high voltage (> 10 V) field emission mode, patterning speeds can be increased by orders of magnitude to 10 4 nm 2 /s. We show that the rapid patterning negligibly affects the functionality of relatively large micron-sized features, which act as contacting pads on these devices. For nanoscale structures, we show that the resulting transport is consistent with the donor incorporation chemistry enhancing the device definition to a scale of 10 nm even though the pattering spot size is 40 nm.
magnitude speed up over patterning in the tunneling mode.
In many donor device layouts, atomic precision is only necessary for a small active region of the device (micron sized donor pads are still required for robust electrical connections by vias and interconnects), so utilizing the large HVFE mode spot size can dramatically improve patterning speeds. In this paper, we show that using the STM in a HVFE mode allows for patterning large features at speeds orders of magnitude faster than possible with the STM operating in the standard tunneling or LVFE mode while negligibly effecting the δ-doped donor layer. We then explore the donor device feature size limitations using HVFE mode patterning by transport measurements of a 22 nm tunnel gap device. We show that the donor incorporation chemistry leads to similar device characteristics to atomically-precise tunnel mode devices 13 despite the HVFE patterning spot being diffuse.
The devices in this study were fabricated in a custom UHV (5 × 10 −10 Torr) STM system equipped with atomic-H and thermal Si sources. Si(001) substrates are loaded into the STM and flash annealed at ∼ 1250 • C for 15 seconds several times to prepare atomically clean and flat Si(001)(2 × 1) surfaces. To prepare a monohydride surface resist, the sample is held at ∼ 350 • C near a 2000
• C W filament in the presence of 10 −6 Torr of H 2 ( Fig. 2(a) ). The device mask is defined by H-lithography, where adsorbed H atoms are selectively desorbed by electrons tunneling to the biased substrate from the grounded STM tip ( Fig. 2(b) ). Devices are then doped by a subsequent exposure to 2×10 −8 Torr of PH 3 for 5 minutes during which PH 3 molecules adsorb to open Si sites while H-depassivated Si sites remain inert (( Fig. 2(c) ).
A 30 second anneal at ∼ 400 • C incorporates the P into the outermost layer of the Si lattice (( Fig. 2(d) ). The H-mask remains intact during the anneal, blocking lateral diffusion of the P atoms across the surface and providing atomically precise donor doping in all three dimensions. 14, 15 Finally, a 30 nm thick epitaxial Si capping layer is grown at 250
• C to bury the patterned P δ-doped layer, which protects the device from surface effects (( Fig. 2(e) ).
Electrical connections to the buried δ-layer device are achieved by conventional electron beam lithography, with 100 nm deep etched via holes filled with 100 nm thick patterned Al (( Fig. 2(f) ). Composite images of the completed devices for this study are displayed in Figs. 2(g) and 2(h), highlighting the necessary ∼ 1 µm 2 overlap between the δ-doped layer and the top-side metallization for ohmic contact. The buried structures are evident in scanning capacitance measurements due to the ∼ 6 orders of magnitude larger donor concentration in the device than in the substrate.
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We patterned two devices with the accelerated writing speed possible from the HVFE mode. The tip current was 1 nA for both devices. The first is a micron-sized Hall bar to examine the activation, mobility, and contact resistance in δ-doped layers patterned in the HVFE mode ( Fig. 2(g) ). The second is a 22 nm long tunnel gap between two leads with widths 40 nm, shown in Fig. 2(h) , where the active region is inside the rectangle. Here we study the scaling limitations of using the larger patterning spot size inherent in the HVFE mode to define the donor device. This includes identifying the sharpness of the H-mask edges and understanding the impact of the increase in random sites being depassivated near the target exposed region on the donor placement. Electrical characterization of the devices are performed at ∼ 4 K. At this temperature, the carriers in the low-doped substrate are frozen out, and conduction only occurs through the patterned δ-doped region.
The HVFE patterned Hall bar is ∼ 2 µm long and 1 µm wide, with six 1 × 1.5 µm 2 contacting pads extending from the active region, shown in Fig. 2(g ). During STM lithography, d tip ≈ 10 nm and V tip = 110 V. The patterning spot size was about 50 nm under these conditions. The total STM write time for the doped region (∼ 10 µm 2 ) is less than 10 minutes, whereas it would have taken 10s of hours if patterned at typical speed in tunneling mode. A total of six ohmic contacts were made to the buried device (R contact ≈ 8 kΩ) to measure both the resistivity and Hall signal. Hall and van der Pauw measurements indicate the electron density in the δ-doped layer to be n = 7 ± 1 × 10 13 cm −2 with a mobility of µ = 50 ± 20 cm 2 /Vs. The electron density is large enough to provide ohmic contacts to the δ-doped layer, which is the sole purpose of the large features in these δ-doped devices.
Higher electron densities of 2 × 10 14 cm −2 have been achieved when blanket doping Si (001) with a single PH 3 dose. 17, 18 Reasons for the reduced density in our devices may be the measurement uncertainty from the non-ideal Hall bar geometry, incomplete desorption of the H-mask using the HVFE mode with an unoptimized dwell time, possible surface repassivation due to the speed of the HVFE patterning, and dopant diffusion due to uncertainty in the incorporation temperature. The electron density is, nevertheless, well above the metalinsulator transition and therefore provides an ohmic region to which contacts can be made, demonstrating that micron-sized device features can be produced using the HVFE mode.
To probe the lower bound on the device feature sizes that can be patterned with the large diffuse spot in the HVFE mode, and to assess the effects of adventitious partial H-desorption at the periphery of these structures, we have fabricated a nanoscale tunnel junction device.
A tunnel barrier's I-V characteristics are very sensitive to the gap size and can be calibrated to previous measurements of tunnel barriers made with atomic precision fabrication. Using the HVFE mode, two leads were patterned with a separation of ∼ 20 nm. The resulting structure is imaged after the HVFE patterning step, and locations where the H-mask is removed appear as bright regions in the STM image ( Fig. 3(a) ). The narrower top lead was written by a single pass of the STM tip, while the wider bottom lead was written by two passes. The edge of the H-mask is speckled due to the broad diffuse electron beam in the HVFE mode. The incorporation of P donors through adsorption of PH 3 requires at least three sequential depassivated dimers along a dimer row. 19, 20 There is an observed decaying efficiency of Hdesorption away from the tip's center (i.e., the location of highest current from the tip), which produces many regions that have less than three neighboring dimers that are stripped of H. The electrical dimensions of the tunnel junction will, therefore, differ from the H-mask dimensions defined by any depassivated region because P donors cannot incorporate into regions with a low density desorption of H. A central point of the work is to clarify how much contribution the spurious depassivation makes on the tunnel barrier conductance and whether an edge of the leads can be defined.
The I-V characteristics of the tunnel gap are presented in Fig. 3(b) . A blockaded region, indicative of a robust barrier, is observed for |V | 50 mV. This contrasts the ohmic nature of the control, which measures the resistance of the contacts to the δ-layer. A second plateau is present for V ≈ 100 mV, which may indicate the onset of a secondary conduction path, most likely through a spurious donor island in the tunnel gap. The STM image of the H-mask in Fig. 3(a) shows many open Si sites, however, transport data shows at most one additional direct resonance (i.e., a single additional island in series)
and on the order of four parallel islands that contribute RTS under certain bias conditions. This presumably arises from the donor incorporation chemistry, which requires at least three neighboring depassivated dimers to incorporate a single P atom, and thus Fig. 3(a) is not an accurate description of the device's electrical dimensions. To model the device's electrical dimensions, we first analyze the scatter of the H-desorbed site (dangling bonds) in Fig. 3(a) and then map the donor incorporation sites. profile of the average linescans to Gaussians, which we assume to be the shape of the HVFE spot, of the form ae −(x−x 0 ) 2 /r 2 , where r, a, and x 0 are free parameters and r denotes the spot radius. The plateau regions where the H-desorption has saturated are not included in the fit. We find r to be 20.0 (20.6) nm for the bottom (top) lead. We define the spot size as 2r ≈ 40 nm. The amplitude of the Gaussian for the bottom lead is twice that of the top lead. The top lead was written by one pass while the bottom lead witnessed two passes of the STM tip. The averaged linescans agree with a Gaussian distribution. The probability of H-desorption in this work, therefore, follows a normal distribution with radial distance.
The chemical pathway for a P donor to incorporate into the Si(001) surface lattice requires that at least three adjacent Si dimers be available on which the PH 3 can adsorb, with the incorporation probability increasing with additional available dimers. 19, 20 We model the P incorporation by considering the individual incorporation probabilities for 3, 4, 5, and 6 dimer processes (P i with 3 ≤ i ≤ 6). 24 The cutoff at 6 dimers is imposed since 6 available dimers already yield a 100% incorporation probability. These are then combined to calculate the P incorporation probability by
where each P i is calculated by using a grid reflecting the physical size of 2 × i Si atoms.
Figure 4(b) displays a contour plot of P inc , where the normalized STM image from Fig. 3(a) is used as a measure of the probability of H-desorption for each Si atom. The nominal device dimensions of the tunnel gap and leads are obtained from the average linecuts across the features, shown in Fig. 4(c) . We find the tunnel gap to be 19 ± 2 nm long and the top (bottom) lead to be 22 ± 4 (42 ± 2) nm wide. The uncertainty is taken as the distance between P inc = 0.9 and P inc = 1/e. While the STM spot for H-desorption is Gaussian in shape with a width of 40 nm, the donor incorporation edge falls off much more rapidly. times observed in the random telegraph signal in Fig. 3(c) .
In summary, we show STM H-desorption lithography in a high voltage (> 10 V) field emission mode for patterning large scale features for δ-doped P donor devices. This mode allows a speed-up in patterning time of a few orders of magnitude compared to previously reported methods for patterning donor devices. This speed-up is due the high voltage providing a larger patterning spot size, a faster available scan rate, and a higher interaction cross-section for H-desorption. We also show that a 22 nm long tunnel barrier patterned with a 40 nm wide spot size exhibits a relatively clean tunnel barrier despite ∼ 50% of the H in the tunnel barrier being adventitiously desorbed. We model the P donor incorporation in this device and find that the electrical dimensions vary by a few nanometers even though the patterning spot has a Gaussian profile with a 20 nm radius. Features 10 nm can be rapidly patterned in the HVFE mode, greatly increasing the throughput of STM patterned Si:P δ-doped devices.
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